Many of the XY Z resonances observed by the Belle, Babar, CLEO and BESIII collaborations in the past decade are difficult to interpret as conventional quark-antiquark mesons, motivating the consideration of scenarios such as multi-quark states, meson molecules, and hybrids. After a brief introduction to QCD sum-rule methods, we provide a brief but comprehensive review of the mass spectra of the quarkonium-like tetraquark states qQqQ, doubly charmed/bottomed tetraquark states QQqq and the heavy quarkonium hybrid statesQGQ in the QCD sum rules approach. Possible interpretations of the XY Z resonances are briefly discussed.
I. INTRODUCTION
In the conventional quark model (QM), hadrons, including themesons andbaryons, are bound states of quarks and anti-quarks [1, 2] . The strong interaction of the colored quarks and gluons emerges from the low-energy regime of quantum chromodynamics (QCD), which is the most technically-challenging aspect of the standard model (SM). The hadron spectrum is therefore of great importance to our understanding of QCD.
In the quark model, ameson is a color-singlet state, which is composed of a quark color triplet and an antiquark color antitriplet. For a neutralstate, its parity and charge conjugation parity are P = (−) L+1 and C = (−)
L+S
respectively, where L is the relative momentum and S is the total spin. Thus the allowed J P C quantum numbers for a neutralmeson are J P C = 0 ++ , 0 −+ , 1 ++ , 1 −− , 1 +− , 2 ++ , 2 −− , 2 −+ , · · · . Most of the experimentally observed mesons can be interpreted as a conventionalstate. However, apair can also be a color octet in QCD, which may combine with the other colored objects such as an excited gluonic field to form a hybrid meson (qgq). Hybrid mesons are very interesting since they are allowed to carry not only the ordinary quantum numbers of themesons listed above, but also exotic quantum numbers such as J P C = 0 −− , 0 +− , 1 −+ , 2 +− , · · · , which are not accessible to simplestates. The study of the hybrid mesons provides an important platform to understand QCD as the theory of the strong interaction, including characteristics of color confinement.
Since the first investigation of hybrid mesons by Jaffe in 1976 [3] , light hybrids were extensively studied in the MIT Bag model [4, 5] , flux tube model [6] [7] [8] [9] [10] , lattice QCD [11] [12] [13] [14] and QCD sum rules [15] [16] [17] [18] [19] [20] [21] [22] . To date, there has been some experimental evidence of the exotic light hybrid with J P C = 1 −+ [23] [24] [25] [26] [27] [28] . For the heavy quarkonium hybrids, there are also many calculations performed in the constituent gluon model [29] , the flux tube model [8] , QCD sum rules [30] [31] [32] [33] [34] [35] [36] [37] [38] , nonrelativistic QCD [39] and lattice QCD [40] [41] [42] [43] [44] [45] .
The diquark pair is another interesting color non-singlet bilinear operator in QCD. The color structure of adiquark can be symmetric 6 c or antisymmetric3 c with similar flavor structure. Without inserting the covariant derivative, the spin and parity of a diquark operator can be determined by its color, flavor and Lorentz structures. The Lorentz structures are classified by using different kinds of γ matrices resulting in six distinct diquark operators in Lorentz space: q a Cσ µν q b carry opposite parity, we consider both operators although they overlap in the quantum numbers they can probe (see Table I ). These six diquark operators are listed in Table I with their spins, parities, flavor, color and Lorentz structures, which are constrained by fermi statistics. As will be seen below, these operators play a very important role in the study of the tetraquark states. Tetraquarks () are composed of diquarks and antidiquarks. They are bound by the color force between quarks. The tetraquarks are generally unstable because they can decay easily into two mesons through kinematically-allowed fall-apart mechanisms and thus they are expected to be very broad resonances. The low-lying scalar mesons below 1 GeV have been considered as good candidates of the light tetraquark states [46, 47] . In the heavy quark sector, some of the recently observed quarkoniumlike states were suggested to be candidates for hidden charm/bottom QQqq-type tetraquark states [48] [49] [50] [51] [52] [53] , where Q denotes a heavy quark (bottom or charm) and q denotes a light quark (up, down, strange).
Another possibility for heavy tetraquarks are the doubly charmed/bottomed QQqq-type states. This color-singlet four-quark configuration is also allowed in QCD. When the heavy quark QQ pair is spatially close, it would act as a pointlike antiheavy quark color sourceQ and pick up two light antiquarksqq to form the bound state QQqq. Such a doubly charmed/bottomed tetraquark system is the QCD analogue of the hydrogen molecule in QED, in which two electrons are shared by two protons. The existence and stability of the doubly charmed/bottomed tetraquark systems have been studied in many different models, such as the MIT bag model [54] , QCD sum rules [55] [56] [57] [58] , chiral quark model [59, 60] , constituent quark model [61] [62] [63] [64] [65] , chiral perturbation theory [66] and some other methods [67] [68] [69] [70] [71] [72] [73] [74] [75] .
In the past decade many unexpected mesons, the so called XY Z states, were discovered at B-factories. These states contain a heavy quark-antiquark pair and are above the open-charm/bottom threshold. To date, there are 15 neutral and 5 charged states in the charmonium sector while one neutral and two charged states in the bottomonium sector [76] . Some of these states are surprisingly narrow. Some are even charged. Many of these states do not fit in the conventional quark model and are considered as candidates for exotic states. The underlying structure of these newly observed XY Z states inspired the extensive study of the hadron spectrum. Many theoretical speculations have been proposed to interpret these new resonances, such as molecular states, quarkoniumlike tetraquark states, quarkonium hybrids and conventional quarkonium states. To understand the nature of these XY Z states, further theoretical investigations of the exotic hadron spectrum are still needed.
We organize this review as follows. In Sec. II, we briefly introduce the general procedure of QCD sum rules, including the two-point correlation functions, the operator product expansion, the Borel transform, quark-hadron duality and the mass sum rules. In Sec. III, we give the interpolating currents of the quarkoniumlike tetraquark systems, the doubly charmed/bottomonium tetraquark systems and the quarkonium hybrid systems. The correlation functions and spectral densities are calculated using these currents. We perform QCD sum rule analysis of all three hadron systems and extract the masses of the lowest lying states. In the last section we summarize our results and comment on their implications for heavy quarkonium spectroscopy.
II. QCD SUM RULES
QCD sum rules provide a very powerful nonperturbative method for studying hadron structures [77] [78] [79] [80] . IN addition to the operator product expansion, a key idea of the method is quark-hadron duality: the equivalence of (integrated) correlation functions at both the hadronic level and the quark-gluonic level.
A. Two-point correlation function
In general, the two-point correlation function for a scalar or pseudoscalar operator is defined as
where J(x) is an interpolating current that can couple to a scalar or pseudoscalar resonance and T denotes the timeordered product. For a vector or axial-vector interpolating current J µ (x), the corresponding two-point correlation function reads
in which η µν = q µ q ν /q 2 − g µν is the tensor structure of the spin-1 invariant function Π 1 (q 2 ). The spin-0 invariant function Π 0 (q 2 ) also appears in Eq. (2) when J µ (x) is not a conserved vector current. We will introduce the choice of the interpolating currents that couple to the heavy tetraquarks and quarkonium hybrids in the next section.
At the hadronic level, the invariant function Π(q 2 ) can be expressed in the form of the dispersion relation with its imaginary part
in which b n are the N unknown subtraction constants which can be removed by taking the Borel transform. With a narrow resonance approximation, the imaginary part of the correlation function is obtained by inserting intermediate states |n for the hadron we want to study. The imaginary part can be written as a sum over δ functions,
in which the intermediate states |n carry the same quantum numbers as the interpolating current J(x). The correlation function Π(q 2 ) contains the contributions from all resonances that can couple to J(x), including the lowest lying ground state and the excited higher states. In QCD sum rules, one usually parametrizes the spectral function ρ(s) with a pole plus continuum approximation,
where m X is the mass of the lowest lying resonance |X and f X is the coupling parameter of the current J(x) with |X . For a scalar or pseudoscalar current J(x) and vector or axial-vector current J µ (x), we have
where ǫ µ is the polarization vector (ǫ · q = 0).
B. Operator product expansion
The two-point correlation function can also be calculated at the quark-gluonic level via the operator product expansion (OPE) [81] :
where C n (Q 2 ) are the Wilson coefficients and O n are the vacuum expectation values of the local gauge invariant operators constructed from the quark and gluon fields. The Wilson coefficients C n (Q 2 ) can be calculated in perturbation theory and expressed in terms of the QCD parameters such as the quark mass and the strong coupling constant α s .
The long distance nonperturbative effects are included in the various condensates O n , which are ordered by increasing dimension in the expansion. Except for the unit operator I, the QCD vacuum condensates up to dimension-eight include: the quark condensate, gluon condensate g 2 s GG , quark-gluon mixed condensate qg s σ · Gq , tri-gluon condensate g 3 s f GGG , four quark condensate2 , and condensateg s σ · Gq . To calculate the correlation function Π(q), we need the full quark propagator including quark and gluon condensates [78, 82] 
in which q represents u, d or s quarks and Q represents c or b quarks. The superscripts a, b are the color indices and
One notes that for the light quarks, we use the propagator in coordinate space. For heavy quarks, the momentum space expression is sometimes more convenient.
C. Mass sum rules
The fundamental assumption in the QCD sum rules is quark-hadron duality, which matches the two descriptions of the correlation function at both the hadronic level and quark-gluon level. To pick out the lowest lying resonance of interest, one defines the Borel transform,
where the Borel mass M 2 B ≡ −q 2 /n is introduced instead of q 2 . Performing the Borel transform of the dispersion relation in Eq. (3), we can remove the unknown subtraction terms and suppress the contributions from the excited states and continuum. On the OPE side, the Borel transform can improve the convergence of the OPE series by suppressing the contribution from the high dimension condensates.
To establish the mass sum rules, we perform the Borel transform of the correlation function Π(q 2 ) obtained at both levels
where s 0 is the continuum threshold. On the left hand of Eq. (12), we have used the spectral function defined in Eq. (5). The lowest lying hadron mass is then extracted as,
.
The continuum threshold s 0 and Borel mass M B are the two most important parameters in a QCD sum rule analysis. The stability of QCD sum rules requires a suitable working region. To obtain the Borel window, one should study the OPE convergence and the pole contribution. The criterion of OPE convergence determines a lower bound on M 2 B while the constraint of the pole contribution leads to its upper bound. The pole contribution (PC) is defined as
which is a function of s 0 and M B . This definition comes from the sum rules established in Eq. (12) and indicates the contribution of the lowest lying resonance to the correlation function. For the continuum threshold s 0 , an optimized choice is the value minimizing the variation of the extracted hadron mass m X with the Borel mass
in which the τ and Z masses, α s (M τ ) and α s (M Z ) are from the Particle Data Group [2] .
III. CONSTRUCTION OF THE INTERPOLATING CURRENTS
In general, there are two types of constructions of the four-quark interpolating currents: tetraquark-type (qq)(qq) and molecular-type (qq)(qq). However, these two constructions are equivalent by using Fierz transformations [89, 90] . In this section, we construct all heavy tetraquark-type (qQ)(qQ) and (QQ)(qq) interpolating currents. These currents have definite quantum numbers, flavor and color structures. We will also introduce the quarkonium hybrid interpolating currents with various quantum numbers.
A. Hidden charm/bottom tetraquark QqQq interpolating currents
To construct the diquark-antidiquark type of tetraquark currents, we consider the six diquark fields and the corresponding antidiquark fields as introduced in Table I and compose a six-order matrix O. The elements of O are the tetraquark operators, which are composed by multiplying a diquark and an antidiquark pair. The spins and parities of the matrix elements with J ≤ 1 are listed in Table II . For this operator matrix O, its charge-conjugation partner equals to the transpose matrix O T ,
One notes that the operator O 66 is equivalent to O 55 while O 65 is equivalent to O 56 , including their spins and parities. Thus we do not use O 66 and O 65 in the construction of the currents. To compose a color singlet tetraquark current, the color structure of the tetraquark is either 6 ⊗6 or3 ⊗ 3, which is denoted by 6 and 3 respectively. With the relation in Eq. (19), we can define the symmetric matrix S and antisymmetric matrix A,
in which S 6 , A 6 have symmetric color structures and S 3 , A 3 have antisymmetric color structures. It is easy to check that the tetraquark elements of S have even C-parities and the elements of A have odd C-parities. A ii = 0 indicates that the J P C = 0 +− tetraquark currents without derivatives do not exist [90] . However, one can construct the tetraquark currents with such quantum numbers by using a covariant derivative [53] .
Finally, we can obtain the tetraquark interpolating currents with
++ and 1 +− from the matrices S 6 , A 6 , S 3 and A 3 :
• The interpolating currents with J P C = 0 −+ and 0 −− are:
where "S" and "+" in J 1 , J 3 , J 4 , J 5 correspond to J P C = 0 −+ , "A" and "−" correspond to J P C = 0 −− . J 2 , J 6 couple to the states with J P C = 0 −+ .
• The interpolating currents with J P C = 1 −+ and 1 −− are:
where "S" and "+" correspond to J P C = 1 −+ , "A" and "−" correspond to J P C = 1 −− .
• The interpolating currents with J P C = 1 ++ and 1 +− are:
where "S" and "+" correspond to J P C = 1 ++ , "A" and "−" correspond to
All the currents in Eqs. (22)- (24) should contain both the ucūc and dcdc parts to have the definite isospin and G-parity. However, we do not differentiate the up and down quarks in our analysis due to the SU (2) flavor symmetry and denote them by q. Using these currents, we calculate the correlation functions and the spectral densities up to dimension eight. One can find the results of the spectral densities in Refs. [51, 52] . From these expressions, the nonperturbative terms include the quark condensate, quark-gluon mixed condensate qg s σ ·Gq , gluon condensate g 2 s GG , four-quark condensate2 and dimension-8 condensateg s σ·Gq . The tri-gluon condensate g 3 s f GGG is heavily suppressed in the heavy tetraquark systems and can be neglected [52] . To study the sQsQ systems, we keep the m s dependent terms in the spectral densities.
B. Doubly charmed/bottomed tetraquark QQqq interpolating currents
For the QQqq systems, the heavy quark pair QQ has the symmetric flavor structure 6 f . According to Table I , its color structure is determined at the same time. To compose a color singlet tetraquark operator, the heavy quark pair should be multiplied by a light antiquark pairqq with the same color structure. Considering the Pauli principle, we can obtain the following QQqq currents with J P = 0 − , 0 + , 1 − and 1 + :
• For the currents with J P = 0 − ,
in which η 1 , η 2 , η 3 are isovector currents with [6 f ]qq and I = 1, η 4 , η 5 are isoscalar currents with [3 f ]qq and I = 0.
• For the currents with J P = 0 + ,
and all the scalar interpolating currents are isovector currents with [6 f ]qq and I = 1.
• For the currents with J P = 1 − ,
in which η 1 , η 2 , η 3 , η 4 are isovector currents with [6 f ]qq and I = 1, η 5 , η 6 , η 7 , η 8 are isoscalar currents with [3 f ]qq and I = 0.
• For the currents with J P = 1 + ,
In fact, the two pieces in the parenthesis of Eqs. (25)- (28) are equivalent to each other. We keep both of them here to illustrate the color symmetry explicitly. For these currents, we show their quark contents, spins, parities, isospins and the flavor symmetries of the light quark pair in Table III . The results of the spectral densities for these doubly charmed/bottomed tetraquark currents can be found in Ref. [55] . In Ref. [56] , the open-flavor tetraquark bcqq and qcqb interpolating currents with quantum numbers J P = 0 + , 1 + were constructed as follows.
• For the scalar bcqq system with J P = 0 + :
where • For the vector bcqq system with J P = 1 + : • For the scalar cqbq system with J P = 0 + :
where J • For the vector cqbq system with J P = 1 + : The csbs tetraquark currents with J P = 0 + , 1 + are the same as the cqbq currents in Eqs. (31) and (32) respectively, by replacing the light quark q by the strange quark s. For the bcss systems, the flavor structure ofss pair is symmetric. Thus the color structures for the diquark fields s 
D. Quarkonium hybridQGQ interpolating currents
The quarkonium hybrids were originally studied in Refs. [30] [31] [32] in the QCD sum rules method. However, it was shown that only the hybrid channels with
++ gave stable mass sum rules while the sum rules in the J P C = 0 −+ , 0 +− , 1 −+ , 1 −− , 2 −+ channels were unstable. Recently, new efforts on the quarkonium hybrid mesons have found that the dimension six tri-gluon condensate can stabilize the hybrid sum rules [34] [35] [36] [37] [38] .
To study the hybrid correlation functions, we consider the following interpolating currents with various quantum numbers:
in which Q 1 and Q 2 are the heavy quark fields with masses m 1 and m 2 , g s is the strong coupling constant, λ a are the Gell-Mann SU(3) matrices and G αβ,a , one can also obtain the operatorsJ
µ ,J
µν coupling to the hybrid states with the opposite parities to J
µν respectively. The correlation functions and spectral densities are calculated up to dimension six tri-gluon condensate at leading order in α s . We will discuss the importance of the tri-gluon condensate in the next section. The results of the spectral densities are listed in Refs. [37, 38] .
IV. MASS SPECTRUM OF THE QUARKONIUMLIKE TETRAQUARK qQqQ STATES
The QCD sum rule study of the qQqQ systems was performed in Refs. [51, 52] , using the interpolating currents in Eqs. (22) For the qcqc currents J 1µ with J P C = 1 −− in Eq. (23), we show the convergence of the OPE series in Fig. 1 . We see that the four-quark condensate2 is the most important nonperturbative contribution to the correlation function. In fact, the quark condensateis proportional to the light quark mass and vanishes in the limit m q = 0. The OPE convergence is very good in the region M 2 B ≥ 2.9 GeV 2 . To study the pole contribution defined in Eq. (14), one should determine the continuum threshold s 0 . In the left portion of Fig. 2 , the hadron mass m X is extracted as a function of s 0 . One can find a plateau in the region 10 GeV 2 ≤ s 0 ≤ 14 GeV 2 . However, this is a non-physical artifact because the spectral density of the sum rules defined in Eq. (12) In the right portion of Fig. 2 , we show the variation of m X with M 
which is consistent with the mass of the Y (4660) meson. This result implies a possible tetraquark interpretation of Y (4660). However, the tetraquark state can decay easily into two meson final states via the rearrangement mechanism so it is very difficult to explain the small decay width of the Y (4660) meson. The Y (4660) was also considered as a f 0 (980)ψ ′ bound state [92] , a baryonium state [93] , a 5 3 S 1 cc state [94] and a scsc tetraquark state [95, 96] . We can study the corresponding scsc state by replacing the light quarks in the interpolating current by a strange quark. The quark condensate ss is now proportional to the strange quark mass m s . Its contribution is larger than the four-quark condensate ss 2 and becomes the dominant power correction for the 1 −− scsc system. The extracted mass of this state is [51] :
which is 0.28 GeV higher than the 1 −− qcqc state. Properties of the bottomoniumlike analogues are very similar due to the heavy quark symmetry. Replacing the charm quark by the bottom quark in the current and repeating the same analysis procedures, we can also extract the masses of the qbqb and sbsb tetraquark states with J P C = 1 −− . After performing the QCD sum rule analysis for all the interpolating currents in Eqs. (22)- (24), we obtained the numerical results for Tables IV, V , VI, VII, VIII and IX, respectively [51, 52] . Only the errors from the uncertainty of the threshold values and variation of the Borel parameter are taken into account. Other possible error sources include the truncation of the OPE series and the uncertainty of the quark masses, condensate values and so on. We only collect the numerical results from the interpolating currents which lead to stable mass sum rules and reliable mass predictions in these tables. The tetraquark states with J P C = 0 −− and 1 −+ are exotic states. They do not mix with the conventional charmonium and bottomonium states because these quantum numbers are not accessible to simplestates. 
The X(3872) is the first observed XY Z state [97] and its quantum number was assigned as J P C = 1 ++ [98] . The mass and decay mode of X(3872) are very different from that of the 2 3 P 1 cc state. To date, the possible interpretations of X(3872) include the molecular state [99] [100] [101] [102] [103] [104] [105] , tetraquark state [48] [49] [50] , cusp [106] , hybrid charmonium [107] and mixed scenarios [108, 109] . In Table VIII , the masses of the 1 ++ qcqc states are m X = 4.0 − 4.2 GeV, in rough agreement with the mass of the X(3872), considering the uncertainties.
Recently, BESIII collaboration discovered a charged charmoniumlike resonance Z c (4025) in the process
. The quantum numbers of Z c (4025) was I G (J P ) = 1 + (1 + ) because it was also observed in h c π channel. Its neutral partner carries the negative C-parity. Therefore its quantum number is J P C = 1 +− . The extracted masses of the qcqc states with J P C = 1 +− in Table IX 
V. MASS SPECTRUM OF THE DOUBLY CHARMED/BOTTOMED TETRAQUARK QQqq STATES
The interpolating currents of the doubly charmed/bottomed QQqq systems are listed in Eqs. (25)- (28). For all the isovector QQqq and isoscalar QQūd systems, the dominant power corrections are the four-quark condensate2 . Both the quark condensate and the quark-gluon mixed condensate are proportional to the light quark mass and hence are chirally suppressed.
In Fig. 3 , we show the variations of m X with M B and s 0 for the current η 3 with (I, J P ) = (1, 0 − ) in ccqq system. The mass curves for the different values of the Borel mass intersect at s 0 = 23 GeV 2 , at which the variation of m X with M 2 B is very weak. After studying the OPE convergence and the pole contribution, we obtain the Borel window 2.6 GeV 2 ≤ M 2 B ≤ 3.6 GeV 2 in which the mass curves are very stable, as shown in the left part of Fig. 3 . The mass was extracted around m X = (4.47 ± 0.12) GeV [55] . The situation is very different from the (I, J P ) = (1, 0 − ) in the ccss systems. The quark condensate ss becomes the dominant power correction in these systems by keeping the m s dependent terms in the spectral densities. To compare with the ccqq system, we show the variations of m X s with M After performing the QCD sum rule analysis to the doubly-charmed/bottomed QQqq, QQūd, QQqs and QQss systems with J P = 0 − , 0 + , 1 − and 1 + , we collect the numerical results for all these tetraquark states in Tables X -XIII [55] . We take into account only the uncertainty of the values of the threshold parameter and variation of the Borel mass to obtain the errors. The other possible error sources, including the truncation of the OPE series, the uncertainty of the quark masses and the condensate values, are not considered. From these results, one finds that there are no stable sum rules for the 0 + and 1 + ccqq and ccūd systems, which implies that these tetraquark states probably do not exist. The corresponding bbqq and bbūd sum rules are relatively more stable.
We also give the open charm/bottom thresholds for all tetraquark states in Tabels X -XIII. One can easily find that the extracted masses of the ccqq, ccqs, and ccss doubly charmed states are above the D , andN Ω cc thresholds. They can decay into the two meson/baryon final states easily through the fallapart mechanism. They are very broad resonances and difficult to be observed experimentally. However, the situations are very different for the doubly bottomed systems. In Tables X -XIII, the masses of the bbqq, bbūd, bbqs, and bbss are below theB 0B0 ,B 0 sB 0 s andN + Ω bb thresholds. In other words, the tetraquark states bbqq, bbūd, bbqs, and bbss are stable i.e, they only decay via electromagnetic and weak interactions. This observation is consistent with the conclusions in Refs. [54, 59, 66] .
VI. MASS SPECTRUM OF THE OPEN-FLAVOR TETRAQUARK STATES
The bcqq systems were studied in Refs. [64, 65, 110] and their mass predictions are below the thresholds of B − D + andB 0 D 0 . In Refs. [57, 111, 112] , the authors studied the cqbq systems and indicated that there may exist B c -like molecular states. In this section we study the open-flavor bcqq, bcss and qcqb, scsb thetraquark systems with J P = 0 + and 1 + in QCD sum rules. The QCD sum rules analyses are the same with the previous sections and we ignore the details here. We collect the numerical results for the scalar and axial-vector bcqq, bcss tetraquarks states in Tables XIV and XV while for qcqb, qcsb tetraquarks states in Tables XVI and XVII, respectively [56] . From these results, we find that the bcqq, bcss tetraquark systems have much bigger pole contributions than the qcqb, qcsb systems, which results in broader Borel windows for the previous systems. The mass sum rules for the bcqq, bcss systems are more stable.
The numerical results in Tables XIV-XVII Such channels are suggested for the future search of these possible qcqb, scsb states. However, the bcqq and bcss tetraquark states cannot decay through these fall-apart mechanisms, suggesting dominantly weak decay mechanisms. 
VII. MASS SPECTRUM OF THE QUARKONIUM HYBRIDQGQ STATES
Including only dimension four condensate in the correlation functions, the charmonium hybrids with J P C = 0 −+ , 0 +− , 1 −+ , 1 −− and 2 −+ were unstable in Refs. [30] [31] [32] . To stabilize these hybrid sum rules, we reinvestigated the two-point correlation functions and considered also dimension six tri-gluon condensate [37] .
As shown in Fig. 5 , the gluon condensate is the dominant power correction to the charmonium hybrid sum rule in Eq. (12) . However, the tri-gluon condensate is too large to be neglected. By studying the OPE convergence and the pole contribution, we obtain the suitable working region of the Borel mass 4.6 GeV 2 ≤ M 2 B ≤ 6.5 GeV 2 with the continuum threshold s 0 = 17 GeV 2 . In Fig. 6 , the Borel curves are very stable in the the regions of these parameters. We then extracted the mass of the 1 −+ charmonium hybrid as [37] 
which is about 0.5 GeV lower than the lattice result in Ref. [45] . One finds that the tri-gluon condensate can stabilize the hybrid sum rules and lead to the reliable mass prediction. After performing the sum rule analysis for all channels, we collect the numerical results for the charmonium and bottomonium hybrids in Tables XVIII and XIX respectively [37] . Only errors from the uncertainties in the charm quark mass and the condensates are taken into account. We do not consider other possible error sources such as truncation of the OPE series, the uncertainty of the threshold value s 0 and the variation of Borel mass M B . Y (4260) was first observed in the J/ψπ + π − channel by Barbar collaboration [119] and confirmed by CLEO [120] and Belle [121] collaborations. Its quantum number is J P C = 1 −− . The open charm decay mode Y (4260) → DD has not been observed in spite of the large phase space. This is consistent with the expectation of the hybrid meson decay pattern, which disfavors the two S-wave meson final states but prefers the S + P decay mode. Since its discovery, Y (4260) was considered as a good candidate of the charmonium hybrid [122] [123] [124] . However, the mass of the 1 −− channel of charmonium hybrid in Table XVIII is about 3.36±0.15 GeV, which is much lower than the mass of Y (4260) meson.
In the MIT bag model [4, 5] , the hybrid states with J P C = (0, 1, 2) −+ , 1 −− were considered to be composed of a S-wave color-octetpair and an excited gluon field with J Pg Cg g = 1 +− . This supermultiplet was confirmed in lattice QCD [45] and the P -wave quasi gluon approach [125] for the heavy quarkonium hybrid systems, in which a heavier hybrid supermultiplet was also predicted including states with J P C = 0 +− , (1 +− ) 3 , (2 +− ) 2 , 3 +− , (0, 1, 2) ++ . In Tables XVIII and XVIII , our results support such supermultiplet structures that the hybrid states with J P C = (0, 1, 2) −+ , 1 −− form the lowest supermultiplet while those with the quantum numbers J P C = 0 +− , 2 ++ , 1 +− , 1 ++ , 0 ++ form a heavier supermultiplet. The hybrid with J P C = 0 −− is the heaviest one, which may suggest that this state has a higher gluonic excitation.
The numerical results of thebgc hybrid states are collected in Table XX [38] . In thebGc hybrid systems, the supermultiplet structures are still present. In Table XX , the hybrid states with J P = (0, 1, 2) − , 1 − form the lightest supermultiplet while a heavier one is formed by the states with J P = (0 + ) 2 , (1 + ) 2 , 2 + . We obtain two vector states with J P = 1 − in the lightest hybrid supermultiplet while two 1 + two 0 + hybrids in the heavier supermultiplet. The mass differences for the vector, axial-vector and scalar doublet are 0.12 GeV, 0.53 GeV and 1.18 GeV, respectively. There also exists a pseudoscalar doublet with the mass difference around 1.58 GeV. The existence of these hybrid doublets suggests that the operators are separately probing a ground and excited state. The two hybrids with the same quantum numbers have very different gluonic excitations. 
VIII. SUMMARY
In this article, we have reviewed our previous investigations of the quarkoniumlike tetraquark qQqQ systems [51, 52] , doubly charmed/bottomed tetraquark QQqq systems [55] , open-flavor bcqq and qcqb systems [56] , heavy quarkonium hybridQGQ systems [37] and the bottom-charm hybridbGc systems [38] in the QCD sum rules approach.
The discovery of the XY Z states is a significant challenge to our understanding of the QCD hadronic spectrum. To understand the nature of these new mesons, the formalism of QCD sum rules provides is very useful. We have evaluated the mass spectra of the heavy tetraquarks and the quarkonium hybrids in the framework of QCD sum rules. The study of the charmoniumlike tetraquark state qcqc provides possible interpretations for several new XY Z states, such as Y (4660), X(3872), Z c (3900) and Z c (4025). The extracted mass of the 1 −− qcqc tetraquark state is about m X = (4.64 ± 0.09) GeV, which is consistent with the mass of Y (4660) meson and may indicate a possible tetraquark interpretation. The mass of 1 ++ channel is about m X = (4.03 ± 0.11) GeV, which is slightly above the mass of X(3872). Considering the uncertainties, the tetraquark interpretation of X(3872) is not excluded. The calculations of the 1 ++ and 1 +− qcqc channels lead to the lowest lying ground states around 3.9-4.2 GeV, which may support the charged states Z c (3900) and Z c (4025) as the candidate of the isovector charmoniumlike tetraquark states with J P = 1 + . Surprisingly, the mass spectrum of the charmonium hybrid states in Table XVIII is much lower than that obtained in lattice QCD [45] . For non-exotic J P C , the effect of mixing with quarkonium states may raise these mass predictions [108] .
All the bbqq, bbūd, bbqs, bbss, bcqq and bcss tetraquark states lie below theB 0B0 ,B 0 thresholds. These tetraquark states cannot decay via strong interaction into both the two meson and two baryon final states. They should be very narrow because they can decay via electromagnetic and weak interactions only. These states may be searched for at LHCb and RHIC in the future, where many heavy quarks are produced.
